Abstract: Interest in ionic liquids for their potential in different chemical processes is constantly increasing, as they are claimed to be environmentally benign -excellent, nonvolatile solvents for a wide range of applications. The wide applicability of these compounds also demands reliable, relatively simple and reproducible analytical techniques. These methods must be applicable not only to different technical or natural matrices but also to the very low concentrations that are likely to be present in biological and environmental systems. In this review, therefore, methods for separating and analysing imidazolium-and pyridinium-type ionic liquids in aqueous matrices using high performance liquid chromatography (HPLC) and capillary electrophoresis (CE) are examined. The techniques for identifying ionic liquids are meant primarily to track the concentrations of ionic liquids as residues not only in products and wastes but also in biological or environmental samples. The application of hyphenated techniques in this field is intended to selectively separate the quaternary entity from other cationic and non-ionic species present in the matrix, and to enable its fine-scale quantification. Nowadays, methods developed for cation analysis are based mostly on reversed-phase high-performance liquid chromatography, ion chromatography, ion-pair chromatography and capillary electrophoresis, where various buffered mobile phases are used.
Introduction
Room temperature ionic liquids (RTIL) are a novel, broad class of semi-organic salts or salt mixtures that are liquid below 100 o C. Apart from their negligible vapour pressure, believed to be the main 'green' feature of ionic liquids, one of their most attractive characteristics is the potential to be 'designed to order'. Properties such as density, moisture stability, viscosity or miscibility with other solvents can be tailored by the appropriate selection of cation and anion; a very rough estimate indicates that such combinations can be numbered in the millions. RTIL already in common use typically involve nitrogen-or phosphorus-containing organic cations such as alkylimidazolium, alkylpyridinium, alkylpyrrolidinium or alkylphosphonium, and anions like bis(trifluoromethanesulphonyl)imide, hexafluorophosphate or tetrafluorophosphate [1] [2] [3] [4] [5] . Although these particular cations and anions and their various combinations have already been studied extensively for their potential applications in numerous chemical and physical processes, every year more and more cations and anions forming liquid salts at room temperature are reported. Table 1 present the generic structures of typical ionic liquids. Two general parameters determine the properties of alkylimidazolium ionic liquids. One is the choice of anion, which above all determines water miscibility, and which in turn can have further dramatic effects on the liquid's properties. The other is the length of the alkyl chain in the cation: lengthening this from butyl to hexyl or octyl increases the hydrophobicity and viscosity of ionic liquids, but decreases their density and surface tension [5] . Table 2 sets out selected physical properties of two alkylimidazolium cations combined with different anions. Current research indicates that replacing an organic solvent with an RTIL can bring about remarkable improvements in well-known processes. Ionic liquids have been applied not only as alternative solvents in organic synthesis and catalysis, and as electrolytes in batteries and solar cells, but also in liquid-liquid extraction, as components of gas chromatography stationary phases, as running electrolytes in capillary electrophoresis, as mobile-phase additives in HPLC, and in embalming and tissue preservation [6] [7] [8] [9] [10] [11] . The wide applicability of ionic liquids as well as advances in the variety of applications will soon result in their production and use on an industrial scale. Since it has already been found that even small amounts of impurities significantly affect the performance of ionic liquids, analytical methods determining their purity will be very much in demand. In addition, research of considerable practical importance, such as investigations of the toxicity, ecotoxicity and persistency of RTIL in the environment, will also require reliable, relatively simple and reproducible analytical techniques. These methods must not only be applicable to different natural matrices but also to the very low concentrations likely to be present in biological and environmental systems. Finally, ionic liquids are nowadays one of the leading examples of Green Chemistry, the 11 th principle of which states that for every newly designed and produced chemical 'analytical methodologies need to be developed to allow for real-time, in-process monitoring and control prior to the formation of hazardous substances' [12] . Nowadays, there are two general approaches to the analysis of ionic liquids: one identifies ionic liquids as analytes in natural or artificial matrices, the other assesses their purity. Reported techniques for identifying ionic liquids have above all been designed to track their concentrations, not only as residues in products and wastes but also in biological or environmental samples. So far this has been done mainly via cation analysis, since it has been found, especially in biological and environmental experiments, that varying the anion affects the distribution and activity of imidazolium and pyridinium ionic liquids to only a slight extent. Hyphenated techniques in this field are intended to selectively separate the quaternary entity from other cationic and non-ionic species present in the matrix and to enable its fine-scale quantification. Present-day methods of cation analysis are based primarily on reversed-phase high-performance liquid chromatography, ion chromatography, ion-pair chromatography, and capillary electrophoresis, in which various buffered mobile phases are used.
The purity assessment of ionic liquids is a subject of major technological importance. Many studies have shown that even small amounts of impurities can significantly affect the performance of an ionic liquid [5, 13] . The principal research effort in this field is currently being directed towards the quantification of anionic impurities in ionic liquids. This is largely the upshot of the limited catalytic performance of ionic liquids contaminated with small amounts of residual chlorides, originating from the starting substrates in ionic liquid syntheses [14] [15] . Residual halides may also affect other physicochemical properties of ionic liquids, such as viscosity, density or spectral purity. In this area of development, it is methods based on ion chromatography, capillary electrophoresis and ion-coupled plasma mass spectrometry that are mainly reported in the literature [16] [17] [18] [19] .
The primary aim of this review is to outline current developments in chromatographic and electrophoretic methods for separating and analysing the cations commonly used in ionic liquids. Although the presence of anions and their influence on separation processes is also discussed, the analysis of anionic impurities is not reviewed here.
Molecular interaction potential of ionic liquids
The analysis of the molecular interaction potential of ionic liquids is a very useful tool for acquiring a fuller understanding of their behaviour in various separation systems. The present section addresses this question using the most common alkylimidazolium entity as an example. On entering an aqueous matrix, cations and anions dissociate, and depending on the presence of other ions, they will either act as free species or associate into new ion pairs. In the case of most currently used ionic liquid anions, the main interaction mechanism is electrostatic. However, where alkylimidazolium cations are concerned, far more complex interactions with the mobile-and stationary phases may take place during separation. The high electron acceptor potential of delocalised aromatic systems in the cationic compartments of ionic liquids is responsible for electrostatic attractions not only with ionised weak (e.g. carboxylic) or strong (e.g. sulphonate) cation exchangers, but also with polar moieties on particle surfaces, such as free silanols. It is also clear that elongating the alkyl chain of ionic liquids elevates the molecule's hydrophobicity. It is therefore also possible that ionic liquid cations with longer alkyl moieties are retained in reversed phase systems by hydrophobic interactions. This can occur between the ionic liquid's alkyl chain and the alkyl moiety of the stationary phase, as well as other alkyl chains of ionic liquid cations previously bound to the stationary surface. This mechanism, moreover, is strongly dependent on the anions present in the system, with which selected cations form ion-pairs, thereby enabling the molecule to be partitioned. Finally, the aromatic system within an imidazolium ring offers π...π interaction potential with any aromatic moieties in π-electron-rich stationary phases (e.g. polar RP) and solvents (e.g. acetonitrile).
Chromatographic methods

Reversed phase chromatography
Most of the methods for separating and determining ionic liquid cations reported so far involve high-performance liquid chromatography (HPLC) with a variety of column packings and mobile phases. Table 3 summarises published protocols developed for ionic liquid cation separation and analysis.
The separation and analysis of eleven imidazolium ionic liquids congeners was first studied systematically using reversed-phase HPLC with electrospray ionisation mass detection [20] . With the use of a buffered mobile phase (20mM ammonium acetate/acetic acid), it was found that different anions in these ionic liquids did not affect the chromatographic behaviour of the same cation. 6 ]. It was also found that analysis of ionic liquid cations on a conventional reversed phase column with a low surface coverage of ligands led to very poor separations and a low reproducibility of retention values. This was due mainly to the continued presence of free silanols in the stationary phase, observed as marked peak tailing of all these analytes. Further development of this method therefore involved the evaluation of alternative reversed phase packings; a much-improved performance was achieved using an RP-8 column with a higher carbon load. Using such a column, the authors were able to efficiently separate and quantify a mixture of alkyl-and aryl-substituted imidazolium entities, even though the resolution was still unsatisfactory in the range of early eluting compounds (short chain ionic liquids). Gradient separation of the test mixture was further developed to optimise elution times for late eluting entities. With a mobile phase consisting of acetonitrile : water (1% acetic acid/20mM ammonium acetate), in which the organic modifier concentration was raised from 10 to 50% in 25 min., the most hydrophobic ionic liquid cation used in this study (1-heptyl-3-methylimidazolium chloride) eluted after 23 min. Further, in order to validate the method's applicability, a sample of cell-growing medium used in cytotoxicity studies of a known micromolar concentration of the ionic liquid [AMIM] [PF 6 ] was tested. The compound was well isolated, identified and quantified with very good analytical performance parameters.
The chromatographic behaviour of 1-alkyl-3-methylimidazolium ionic liquid cations in the reversed phase system with buffered mobile phases was further studied in detail [21] . All the ionic liquids analysed in this particular paper exhibited reversed-phase behaviour on being separated. When the methanol concentration in the mobile phase was increased, the retention time of all the compounds decreased, although there were differences in the retention profiles depending on the type of N-1 functional group on the imidazolium ring. All 1-methyl-3-alkylated species displayed quite similar behaviour within the range of organic modifier used, exhibiting comparable slopes S of the classical Soczewiński-Snyder model (log k = log k w -Sφ) of -0.032. The retention factors, and hence the S value of the less hydrophobic 1-ethyl-3-ethylimidazolium, were modified only at the lowest methanol concentrations; above 20% (v/v) it was eluted within the dead time of the system. The decreasing polarity of the mobile phase up to 30% (v/v) methanol merely modified the intensity of interaction between solutes and the stationary phase. It was confirmed that selective separation of highly hydrophilic solutes such as [BMIM] + or [EEIM] + cations in one isocratic run with more hydrophobic ionic liquids is therefore practically impossible. Variation of either the pH or the salt concentration in the mobile phase did not significantly affect the retention factors of the ionic liquids. A detailed study of the reversed phase liquid chromatography of alkyl-imidazolium ionic liquids was recently reported [22] . The authors found that while using buffer-free mobile phase systems, anions influenced the retention of the same ionic liquid cation. An aqueous mobile phase (with no buffer added) allows for additional interactions of anions with the RP stationary phase, but since they cannot move alone, they influence cation retention by forming ion pairs. In another, related study it was found that anions were adsorbed on to RP phases in accordance with their lyotropic character [23] . In the chromatographic process, the affinity of ionic liquid ions for the C-18 stationary phase was as follows: [Cl] - 
Ion chromatography
Paper [24] is the first report on the use of ion chromatography to analyse 1-methyl-3-ethylimidazolium and sodium cations in the buffered 1-methyl-3-ethylimidazolium chloride-aluminium chloride ionic liquid system. The analytical performance parameters were found to be very good; the calibration curve for the ionic liquid cation was linear over three orders of magnitude and the accuracy of the method was ±2.8% relative error.
In a more recent study, the behaviour of eight ionic liquids -seven homologues of 1-alkyl-3-methylimidazolium and 4-methyl-N-butylpyridinium -was investigated with a strong cation exchange adsorbent [21] . In particular, the dependences of the retention properties of these solutes on mobile phase composition, pH and buffer concentration were evaluated with the aim of optimising and improving the selectivity and retention of solute separation. With the SCX stationary phase, several interactions occurred with varying strength depending on the mobile phase composition. Reversed phase chromatography occurred at low concentrations of acetonitrile in the mobile phase, electrostatic and adsorption interactions at higher organic modifier concentrations. Elevated buffer concentrations reduced retention factors without affecting the selectivity of the alkylimidazolium cations. Appropriate modifications of the mobile phase enabled even the most hydrophilic cations to be separated and analysed; this is a challenge in RP separation. With 40-60% acetonitrile in the mobile phase, separation of the hydrophobically similar 1-ethyl-3-ethylimidazolium and 1-butyl-3-methylimidazolium entities was successfully achieved. The analytical performance parameters were assessed under optimised chromatographic conditions with an acetonitrile -30mM K 2 HPO 4 (40:60) mobile phase. 1-butyl-3-methylimidazolium was chromatographed in the concentration range 1 -100 µM. The correlation coefficient for the resultant calibration plots was 0.998. The reproducibility of the peak area was 1.36% (RSD), and the reproducibility for peak retention was 0.23% (RSD). The detection limit established for the 1-butyl-3-methylimidazolium cation was 20 µg. The method is directly applicable to the analysis of ionic liquid cations in aqueous environmental or industrial samples. 
Polar-reversed phase chromatography
The aromatic system in the imidazolium ring of an ionic liquid cation offers potential π...π interaction with any aromatic moieties available in the phase. The possible usefulness of π...π interactions in the selective separation of imidazolium and pyridinium ionic liquid cations is reported in [25] . In this study special attention was paid to short-chain hydrophilic entities, known to be poorly separated on conventional RP columns. The results indicate the overall usefulness of π...π interactions, which can be utilised to reinforce the retention of these highly polar compounds. Very good resolution of 1-propyl-3-methylimidazolium and 1-ethyl-3-ethylimidazolium salts (identical in lipophilicity) was obtained. It was also observed, however, that low-molecular ionic liquid cations yielded very misshapen peaks. Early peak tailing can be attributed to energetic surface heterogeneity with overloading of highly energetic adsorption sites, among other things. It is likely that low-molecular ionic liquids are retained at these sites as a result of the predominant ion-exchange type of interactions. This can further lead to slower sorption -desorption kinetics of solutes from strong sites than from weak ones, which consequently exacerbates band tailing. In more hydrophobic ionic liquids, this effect was not so evident, showing that the predominant interaction mechanism is due to partition and π...π interaction. Furthermore, to differentiate between hydrophobic and aromatic interactions, methanol and acetonitrile were compared as organic modifiers of the mobile phases. Unlike methanol, acetonitrile is an electron-rich modifier and can suppress the π...π interaction. As expected, when the acetonitrile concentration was increased, ionic liquid-stationary phase interactions weakened much faster in comparison to the changes due to the methanol-modified mobile phase. Moreover, the applied chromatographic conditions were optimised for analytical performance parameters. Excellent calibration curve linearity was obtained for the compounds analysed. The linear correlation coefficients ranged from 0.9992 to 0.9995 over a wide concentration range (10 to 1000 µM). The retention time RSDs ranged from 0.11 to 0.25%, and the peak area RSDs also lay in good ranges, from 0.35 to 2.27%. The lowest detection limit of 1µM was obtained for the 1-benzyl-3-methylimidazolium cation. Additionally, the separation of 1-butyl-3-methylimidazolium chloride and its degradation products obtained in the Fenton degradation system demonstrated that the method is readily applicable to the various experiments tracking the cationic constituents of ionic liquids in aqueous solutions.
Chromatography of specific surface structural properties
One recent study investigated different types of columns with specific structural properties [26] . Packings containing cholesterol ligands chemically bonded to silica (SG-CHOL), and mixed stationary phases (SG-MIX) containing cyanopropyl, aminopropyl, phenyl and octadecyl ligands were tested. There were significant differences in the results: packings containing functional groups bonded to the silica surface and capable of undergoing protonisation turned out to be unsuitable for separating ionic liquids under the given analytical conditions (methanol : 40 mM potassium phosphate buffer, pH = 4). In this comparison, the butyl and octadecyl stationary phases yielded the best results (RP-18e Innovation Chromolith™ performance and Macrosphere 300 C4 packings respectively). This was most probably due to the lowest heterogeneity of these ligands in comparison to the other phases tested. It seems that stationary phases with specific structural properties, for example, with cholesterol and mixed ligands, are unsuitable for separating ionic liquid cation mixtures.
In another paper, the use of column packing with an immobilised artificial membrane IAM moiety is reported [27] . In this study, ionic liquids were separated in order to determine their lipophilicity, since the IAM phase resembles the phospholipid bilayer. Four alkylimidazolium ionic liquids (from C 3 to C 6 ) were analysed under isocratic conditions using a mobile phase consisting of phosphate buffer at pH 6.5 and methanol in varying proportions from 10-50%. The capacity factors obtained for different quantities of methanol were extrapolated to 0% methanol and described as the relative lipophilicity (log k w ) using a linear procedure. The retention-derived lipophilicities determined on an immobilised artificial membrane were substantially higher than those obtained with reversed phase chromatography or those obtained from equilibration experiments in the 1-octanol/water system [28] [29] . Estimated log k w values ranged from 0.92 to 1.7, and the corresponding R 2 of the capacity factor extrapolations were satisfactory. The retention times, and hence the capacity factors, were the net result of several interactions occurring during partitioning to this phase. Not only did hydrophobic partitioning occur here; interactions of positively charged nitrogen with the carbonyl and phosphate groups present in the IAM stationary phase closely mimicking the surface of a biological membrane also occurred. This is a very important result, which suggests that ionic liquids, hitherto regarded as highly polar entities, can also interact with biological membranes.
Sample pre-treatment
Sample pre-treatment is commonly required in quantitative assays for trace amounts of analytes in environmental or biological samples. Pre-concentration not only increases the method's sensitivity; it also eliminates interfering compounds. Recently, a selective method was tested for cleaning up and pre-concentrating ionic liquid cations from environmental water samples using cation-exchange solid phase extraction followed by selective elution [30] . The best recoveries (over 95%) for all the compounds examined with this method were obtained with a methanol solution in saturated ammonium chloride adjusted with H 3 PO 4 to pH 3. Also, three sample matrices were chosen to demonstrate the method's applicability: tap water, seawater and freshwater. In the case of tap water, all the compounds except the AMIM cation are recovered with an excellent yield above 90%. The best recoveries are found for ionic liquids containing the largest functionalities in position N-1, namely the 1-hexyl-and 1-p-methylbenzyl-3-methylimidazolium entities. As with the tap water, extraction of the freshwater samples spiked with ionic liquids gave satisfactory results as well. All the compounds were recovered at a comparable level (mean recovery 96.1 ± 3.6%), regardless of structural differences. The lowest recovery rates were recorded for ionic liquids extracted from the seawater samples, but enrichment of the imidazolium compounds is still at a satisfactory level (>90%). The lower recoveries are obviously due to the higher ionic strength of the seawater, which may interfere with the numerous other cations probably sorbed in the cartridge. Pre-concentration of environmental samples showed that the suggested method could be applied to the analysis of 1-alkyl-and 1-aryl-3-methylimidazolium cations in environmental waters with very good recovery yields.
Electrophoretic methods
The first study employing capillary zone electrophoresis in the analysis of ionic liquids was employed for separating and detecting 1-alkyl-3-methylimidazolium entities, including isomers and related imidazole derivatives [31] . The running buffer consisted of 5.0 mM triethylamine in acidic conditions, because the mobility of the triethylammonium co-ion formed resembles that of the analytes under study, thus governing the good symmetry of the peaks obtained. Additionally, 2.0 mM of α-cyclodextrin was added to the running buffer in order to achieve separation of two isomers - [ Capillary electrophoresis was also employed in a recent study for resolving selected imidazolium ionic liquid cations in standard mixtures [32] . The results showed that both the method's sensitivity and its resolution reached a maximum when sodium citrate buffer was used as background electrolyte. The separation of a standard mixture is in linear accordance with the molecular weight, hence the theoretical prediction of compounds not yet analysed is possible; however, cations with identical molecular masses are inseparable with this method. In spite of this, the method's quantitative analytical performance was excellent. RSD migration times ranged from 0.05 to 0.1%. The detection limit of the 1-ethyl-3-methylimidazolium cation obtained with a 500 s injection time was 0.01 µg ml -1 . In order to validate the method's applicability, samples obtained during a photodegradation experiment of 1-butyl-3-methylimidazolium tetrafluoroborate were tested. The target solute was well separated from its degradation product and was readily quantifiable.
Conclusions
Most of the methods for separating and determining ionic liquid cations reported on so far concern high performance liquid chromatography with a variety of columns and mobile phases. Two electrophoretic methods are also described, the results of which appear to be very promising, especially in the sensitivity area. In general, when buffered mobile systems are used, different anions do not affect the chromatographic behaviour of the same cation. But when buffer-free mobile phase systems are used, anions do influence the retention of the same ionic liquid cation owing to their additional interactions with the stationary phase. All the ionic liquids analysed exhibit reversed-phase behaviour while being separated. In RP systems selective separation of highly hydrophilic solutes is still a challenge, but using strong cation exchange chromatography permits this separation by appropriate modifications of the mobile phase. Moreover, the aromatic system in the imidazolium or pyridinium ring can be utilised to reinforce the retention of these highly polar compounds by the application of a polar RP phase containing a π-electron moiety. It is also possible to selectively pre-concentrate ionic liquid cations from highly dilute solutions by solid phase extraction, which in many cases is a prerequisite to the direct analysis of the compounds.
In the capillary electrophoretic methods reported so far, separations of co-eluting isomers were achieved by the addition of α-cyclodextrin to the running buffer. In another CE method, in which citric buffer is used as the running electrolyte, the separation of a standard mixture is in linear accordance with the molecular weight, so the theoretical prediction of compounds as yet not analysed is possible. Most of the methods reviewed here report on the applicability of analytical protocols to real life samples, such as cell growing media, Fenton process degradation products or process analysis during the synthesis of ionic liquids.
